ICE OF GENOTYPE W / W have long been consid-
M ered as a model of intrinsic stem cell defect.'.' A major advance in our understanding of the W mutation was brought about by the mapping of the c-kit proto-oncogene to the W 10cus.~'~ This proto-oncogene encodes a transmembrane tyrosine kinase receptor? Recently, the gene that encodes a ligand for c-kit has been isolated and named stem cell factor (SCF), mast cell growth factor (MGF), kit ligand (KL), and steel factor (SLF).6-13 Accordingly, c-kitlSCF signal transduction is expected to play an important role in hematopoiesis.
On the other hand, attempts have been made to enrich hematopoietic stem cells with murine bone marrow cells. Despite their low frequency and lack of specific cell surface markers, hematopoietic stem cells can be enriched by using unique differences in lectin-binding capacity, monoclonal antibodies (MoAbs), or other physicochemical properties.'"I7 However, it has not been determined which stage and lineages of hematopoietic cells express the c-kit-encoded molecule. Recently, Nishikawa et a1 prepared MoAbs WGA'c-kif' cells were CFU-C and CFU-S, respectively. Longterm repopulating ability was investigated using B6/Ly5 congenic mice. Eight and 25 weeks after transplantation of Lin-c-kif' cells, donor-derived cells were found in the bone marrow, spleen, thymus, and peripheral blood. In peripheral blood, T cells, B cells, and granulocyte-macrophages were derived from donor cells. Injection of ACK-2 into the irradiated mice after bone marrow transplantation decreased the numbers of day-8 and day-12 CFU-S in a dose-dependent manner. Day-8 spleen colony formation was completely suppressed by the injection of 100 ag ACK-2, but a small number of day-12 colonies were spared. Our data show that the c-kif molecule is expressed in primitive stem cells and plays an essential role in the early stages of hematopoiesis. o 1991 by The American Society of Hematology.
against the murine c-kit-encoded molecule.'* In this study, using this MoAb and others against differentiating antigens, we enriched hematopoietic stem cells and clarified the expression and function of the c-kit-encoded molecule.
MATERIALS AND METHODS
Mice and bone marrow (BM) cell preparation. The revised terminology for the Ly5 alleles of the leukocyte common antigen (CD45), as proposed by Morse et aI,l9 has been adopted in this report. Eight-15-week-old C57BL16 (Thyl.2, Ly5.2) mice were obtained from Clea Japan Inc (Tokyo, Japan). C57BL16-Ly5.1-Pep" (Thyl.2,LyS.I) breeding pairs were kindly provided by Dr Toshitada Takahashi (Aichi Cancer Center, Research Institute, Nagoya, Japan) and thereafter were bred and maintained in laminar flow housings at our animal facility.
Anti-B220 (RA3-6B2);' Mac-1 (M1170);' Gr-1 (RB6-8C5)," CD4 (GK1.5),23 CD8 (53-6.72):' and TER119 (erythroid lineage marker)z5 were used as lineage markers. Antibodies were coupled to fluorescein isothiocyanate (FITC) or biotin by the standard method.26 FITC-conjugated Thyl.2 was purchased from Becton Dickinson Immunocytometry Systems (Mountain View, CA). Texas red-conjugated wheat germ agglutinin (WGA) was purchased from E-Y laboratories, Inc (San Metro, CA). The hybridoma producing anti-c-kit-encoded molecule MoAb (ACK2) were established from a rat immunized with interleukin-3 (IL-3)-dependent normal mast cells.'8 The purified MoAb (ACK-2) was conjugated with allophycocyanin (APC) for cell staining. For convenience, ACK-2-positive cells are described as c-kit (encoded molecule) positive cells. A20.1 (anti-Ly5.1) and 104.2 (anti-Ly5.2) were kindly provided by Dr Shoji Kimura (Sloan-Kettering Memorial Cancer Center, New York) and Dr Hidetaka Yakura (Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan), respectively.
BM cells were flushed from femurs with phosphate-buffered saline (PBS) supplemented with 3% fetal calf serum (FCS; Flow Laboratories, North Ryde, NSW, Australia). The suspension was washed and passed through a 100 mesh per inch stainless steel to produce a suspension of single cells. Red blood cells (RBCs) were lysed with an ammonium chloridepotassium buffer. Cells were incubated with ACK-2-AF'C, WGA-TR, and FITC conjugated to a variety of lineage markers (Lin) (B220, Mac-1, Gr-1, CD8, CD4, and TER119), washed twice, and
Antibodies.
Cell staining and analysis. (Shandon Southern Instruments Inc, Sewickley, PA) preparations NaN,, and 2 pg/mL 7-actinomycin D (7-AAMD). Stained cells were made and stained with May-Griinwald-Giemsa for morphowere analyzed and sorted on a FACStaP'"' (Becton Dickinson).
logic analysis of the colony cells. ~ultiparameter data were collected and analyzed using FACS-
The spleen colony assay of Till and DESK {Version 1.2) run on a digital micro VAX-TI GPX, configMcCulloch" was used. Unfractionated or sorted BM cells were ured as previously described.'& The fluorescence intensity of injected into lethally irradiated mice (9.5 Gy total body irradiation) individual cells was measured as relative fluorescence units.
from a dual '"Cs source at a dose of 1.0 Gyimin. The spleens were A sorting gate was set for Thy-l'"wLin-WGA+c-removed on days 8 or 12 after transplantation, fixed in Bouin's kif'. A FACStar plus and an automated cell deposition unit solution, and macroscopically visible spleen colonies were counted. (Becton Dickinson) were used for single cell deposition into each Unfractionated or well of 96-well plates. Dead cells stained with PI were gated out by sorted BM cells from Ly5.1 mice were injected into lethally the FACS at the time of cell sorting. irradiated Ly5.2 mice. Because all mice transplanted with Lin-cMethylcellulose culturing was performed kit-BM cells died around 14 days after irradiation, 1 x lo4 by using a modification of the technique described by Iscove et al.?'
Lin-c-kiP cells from LyS.2 mice were also injected for rescue. The In routine experiments, 1 mL or 0.1 mL of culture medium spleen, BM, thymus and peripheral blood were examined 8 or 25 contained an adequate number of fresh or sorted BM cells,'l.2% weeks after transplantation. Donor-derived cells were identified by methylcellulose (Fisher Scientific, Norcross, GA), a-medium (Flow FACS analysis of recipient animals, which differed from the donors Laboratories), 30% FCS, 1% deionized bovine serum albumin at the Ly5 allelic locus.
Spleen colony assay.
Clone sorting.
Reconstitution of lethulb irradiated mice.
In vitro colony assay. For personal use only. on August 30, 2017. by guest www.bloodjournal.org From The fold enrichment is shown in parentheses. Most of the c-kit low population coexpressed Mac-1 and Gr-1, but not B220 or TER119. Pluripotent hematopoietic stem cells fail to express any of the lympho-hematopoietic lineage-associated antigens such as B220, Gr-1, Mac-1, CD4, CD8, or TER119 (Lincells). Figure 2 shows a two-color analysis of BM cells by c-kit and a mixture of lineage markers (B220, Mac-1, Gr-1, CD4, CD8, and TER119). The Lin-c-kit' population was about 1.4% t &I%, Lin-c-kit-, about 3.9% ? 1.5%, and Lin" was 94.3% t 1.5% of total BM cells. Each population was sorted by FACStarP'"s and assayed for in vitro colony formation, CFU-S, and transplantation.
Expression of the c-kit molecule on CFU-C arid CFU-S.
In vitro and spleen colony assays of sorted subpopulations were performed to determine whether c-kit is expressed on CFU-C and CFU-S. As shown in Table 1 , 200 Lin-c-kit* cells formed 43 2 5 colonies in the presence of IL-3 and Epo. Formed colonies were granulocyte-macrophage colonies, erythroid bursts, and mixed colonies. ApproximateIy one-fifth of the Lin-c-kit' BM cells formed colonies, which provided an approximate 35-fold enrichmerit of CFU-C. F~~ or no colonies were formed in the ~i~-~-f i~-or ~i~+ fractions,
As shown in Table 2 , when 1 X 10' unfractionated DM cells were injected into lethally irradiated mice, 15.7 t 0.9 and 13.0 rt 1.3 colonies were observed on day 8 and day 12, respectively. Sorted Lin-c-kit' cells (3 x 107) formed 20.0 c 2.0 colonies and 15.5 c 2.6 colonies on day 8 and day 12.
respectively, which provided a 43-fold enrichment of day-8 CFU-S and a 40-fold enrichment of day-12 CFU-s. On the other hand, Lin-c-kit-and Lin' fractions formed no colonies on day 8 and few on day 12. These data indicated that CFU-C and CFU-S existed only in the Lin-c-kit' fraction.
On the basis of these findings, Thy-l'~wLin-WGA+c-k~t-~ cells were sorted and analyzed for the cotony-forming ability. These cells comprised 0.23% 2 0.08% (n = 8) of total BM mononuclear cells, When 200 sorted cells were injected info lethally irradiated mice, 2.3 t 1.0 and 5.3 i : 1.0 spleen colonies were observed on days 8 and 12, respectively (Table 2 ). Single cells were cultured using an Injection of ACK-2. We administered various doses of ACK-2 immediately or 2 days after the injection of BM cells to lethally irradiated mice, and scored the number of colonies on days 8 and 12. As the negative control, we injected the same amount of the antibody, L3T4 (CD4, IgG,), and examined the numbers of spleen colonies.
RESULTS
The expression of c-kit and other lineage markers in hematopoietic organs from adult C57BLi6 (Thyl.2, LyS.2) was determined using the anti-c-kit antibody (ACK-2). The c-kitpositive population was about 5.6% c 0.3% in the BM but less than 1% in the spleen and less than 0.1% in the thymus. As shown in Fig 1, there existed c-kit bright and low-positive populations in the BM. The c-kit bright population did not coexpress other lineage markers, such as B220, (3-1, Mac-1, or TER119, but this fraction had a high affinity for WGA and expressed Thy-1 negative and low. The population of c-kit bright represented 3.3% i : 0.3% of the BM. Thy-I'""Lin'WGAc-ki~+
The fold enrichment is shown in parentheses. +Numbers of colonies formed by sorted BM cells in the presence of *Numbers of colonies formed by sorted BM cells in the presence of IL-3 and Epo.
IL-3 and Epo.
For personal use only. on August 30, 2017. by guest www.bloodjournal.org From FACS clone sorting system. In 60 microwells, 35 2 3 colonies were grown in the presence of IL-3 and Epo, indicating that about one-half of these cells were colonyforming cells (Table 3) .
Unfractionated or Lin-c-kit' BM cells were labeled with Rh-123. Figure 3 shows the fluorescence intensity distribution of Rh-123. When it was divided into Rh-123-low and -high fractions by the criteria of Mulder et a1: * they contained approximately 80% and 20% of unfractionated BM cells, respectively. In contrast, approximately 20% of Lin-c-kit' cells were Rh-123-low. The sorted fractions were tested for the presence of day-8 and day-12 CFU-S. As shown in Table 4 , day-12 CFU-S was dominant in the Rh-123-low fraction, whereas day-8 CFU-S was dominant in the Rh-123-high fraction.
Reconstitution of hematopoietic tissues by sorted cellpopulations. The Ly5 allelic determinant of the CD45 molecule, which is expressed by all lympho-hematopoietic cells with the exception of erythrocytes and erythroblasts~' was used to indicate hematopoietic reconstitution by the subpopulation of cells. Unfractionated or FACS-sorted BM cells from C57BL/6-Ly5.1 were intravenously transferred into lethally irradiated C57BL/6-Ly5.2 mice. Eight weeks after transplantation, the recipient mice were killed and BM, spleen, thymus, and peripheral blood samples were stained with MoAb specific for the donor and recipient alleles of CD45 and lineage markers. When 1 x lo6 unfractionated BM cells were injected, mostly (more than 90%) donor-derived cells were detected in lympho-hematopoietic organs (thymus, spleen, BM, and peripheral blood) (Fig 4A) . Mice injected with 1 x lo4 Lin-c-kit' cells contained mostly donor-derived cells in the hematopoietic organs (Fig 4B) . Approximately 80% of the peripheral leukocytes were derived from donor-derived Lin-c-kit' cells. These cells Uptake of Rh-123 by day-8 and day-I2 CFU-S. 
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Li n-c-kif included 75% of B220' cells, 60% of Thy-1' cells, and 75% of Mac-1' and Gr' cells. On the other hand, the 1 X lo4 Lin-c-kit-cell fraction could not reconstitute the hematopoietic organs (Fig 4C) . In this case, because all the mice injected with the Lin-c-kit-fraction alone died during the second week after transplantation, the Lin-c-kit' fraction from C57BL/6-Ly5.2 (recipient type) was injected simultaneously to rescue the mice. To confirm that Lin-c-kit' cells contain the stem cells for long-term repopulating capacity, we analyzed the hematopoietic reconstitution of the mice 25 weeks after transplantation. Results were similar to those of 8 weeks, except that the proportion of donor type Moreover, we observed that 1,000 Lin-c-kit' Rh-123'" cells reconstituted the hematopoiesis of irradiated mice; 56% of Thy-l', 71% of B220+, 59% of Mac-1' + Gr-l+ cells were shown to be derived from donor cells in the peripheral blood after 9 weeks of transplantation. These results indicate that only the Lin-c-kit' fraction contains primitive stem cells that can reconstitute all lineages of hematopoietic cells.
In vivo effect of ACK-2 on the spleen colony formation. Injection ACK-2 into the irradiated mice immediately after BM transplantation (BMT) decreased the numbers of day-8 and day-12 CFU-S in a dose-dependent manner (Fig  6) . Day-8 spleen colony formation was completely suppressed by the injection of 100 pg ACK-2, but a small number of day-12 colonies were spared. When 100 pg ACK-2 was administered 2 days after BMT, no visible day-8 spleen colony formation was observed. When 100 kg or 200 pg CD4 was injected into mice, the numbers of colonies were not significantly different from controls that were not administered with antibodies.
DISCUSSION
So far, mouse BM hematopoietic stem cells have been isolated with the use of a variety of phenotypic markers, such as WGA, Thy-1, and stem cell antigen (Sca-1). However, the biologic roles of Thy-1 and Sca-1 in stem cell function have not been ~larified.'~"~ In contrast, it was shown that the c-kit-encoded molecule is a transmembrane tyrosine kinase recepto? for SCF.
In these experiments, although some Gr-1 and Mac-l- CFU-S was dominant in this fraction. Moreover, it is estimated that c-kit-positive cells contain pre-CFU-S in addition to day-12 CFU-S from the previous report. 36 To address whether more primitive or marrow-repopulating stem cells expressed c-kit, c-kit-positive cells were sorted and analyzed by long-term reconstitution assay. After sorting Lin-c-kit' or Lin-c-kit-cells from Ly5.1 mouse BM cells, we injected these cells into lethally irradiated Ly5.2 mice. Donor type cells (Ly5.1) derived from the Lin-c-kit' fraction were detected in recipients 8 and 25 weeks after BMT, but the mice injected with Lin-c-kit-cells could not survive. On the basis of the findings of Jones et al,35 there remained the possibility that Lin-c-kit-cells were too primitive to have the mouse survive after 1 or 2 weeks, although they have marrow-repopulating ability. To exclude this death factor, we injected Lin-c-kit' cells in addition to Lin-c-kit-cells and confirmed that Lin-c-kit-cells did not repopulate.
Because erythroid cells do not express Ly5 antigen, all Ly5.1-negative cells are not recipient cells. The actual proportion of donor type of cells was estimated to be more than that of Ly5.1 cells. Thus, almost all B cells, myeloid cells, and T cells in the blood were replaced by donor cells. Moreover, 1,000 Lin-c-kit' Rh-123'" cells could reconstitute the hematopoiesis of irradiated mice. These findings suggested that the stem cells with a long-term repopulating capacity are contained in the population of Lin-c-kit' cells. We cannot exclude the existence of c-kit-primitive stem cells from our experiments, because the reconstitution assay is not clonal assay.
Finally, to clarify whether this c-kit molecule is essential for colony growth in vivo, we injected ACK-2 into irradiated mice after BMT. From the finding that day-8 spleen colonies were not formed by injection of 100 p,g ACK-2, it is concluded that the c-kit molecule is essential for the spleen colony formation. Day-12 spleen colonies were spared. Because the spared colonies were larger in size compared with day-8 spleen colonies, it is likely that the sensitivity of day-12 CFU-S to anti-c-kit MoAb was lower than that of day-8 CFU-S. Moreover, when 100 pg ACK-2 was administered 2 days after BMT, no day-8 spleen colonies was observed. It was suggested that the c-kit molecule plays a role in the proliferation of CFU-S in addition to its homing to the microenvironment. In our preliminary data, Lin-ckit' cells proliferated on murine stromal cells (PA-6) and this proliferation was suppressed 70% by the addition of ACK-2. Taken together, the c-kit molecule is expressed in primitive stem cells and plays an important role in the early stage of hematopoiesis. 
